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Abstract 
The designs of power plants fitted with carbon capture have been evaluated in many studies in order to establish the additional 
costs and efficiency reductions. Such studies generally focus on plants providing base load power with continuous capture of 
CO2. The energy efficiency and power output of such plants is significantly reduced because of the parasitic heat and power 
requirements of the capture process. Typically the efficiency reduction is 8-12% which means that if the capture process could be 
turned off roughly 20-30% more power could be delivered.[1] This paper examines options to extend the flexibility of power 
plants fitted with carbon dioxide capture to allow additional electrical demand to be met at times of peak capacity. One reason for 
designing and operating CCS plant in this way would be the high prices which usually prevail during periods of peak demand.  
Another reason of rising importance is to support the increasing amount of “variable” sources of power from renewables, 
particularly wind energy which are being connected to the electrical grid.[2]  
Options fall into two classes, those which result in cessation of some or all CO2 capture and those which maintain CO2 capture 
and hence revenues from emission certificates. The former option is shown to be economically unattractive unless peak prices are 
extremely high or carbon prices become extremely low.  
The abilities of each the three main capture technologies of pre, post and oxy combustion to modify their operation and design to 
provide some economic peak power capability are reviewed. There are two options to do this, one is to design the units so that 
they can operate at reduced capacity while retaining their normal CO2 capturing functionality. The other is to temporarily 
suspend energy consuming parts of the capture process. The technical operational and economic implications of doing the latter 
are discussed. 
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1. Introduction 
Carbon capture and storage (CCS) has potential to enable cuts in greenhouse gas emissions from fossil fueled 
power stations to be implemented on a large scale, within a reasonably short timeframe and at affordable cost.  CCS 
is only an interim measure and may itself have to be phased out when the plants reach the end of their useful life 
towards the end of the century. In the meantime it is expected that the proportion of renewable energy will increase. 
Some forms of renewable energy, particularly wind energy cannot supply on demand and thus bring with them an 
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increasing problem of “variability” to the electrical grid. Increasing amounts of reserve power from firm sources of 
supply are needed as the total capacity of such variable generators increases. Without CCS this balancing and 
support role would naturally fall to coal and gas fired plants with open cycle gas turbines available for meeting the 
highest demands. However when CCS is introduced it will displace conventional fossil fuel plants and may 
ultimately replace them entirely. Studies of CCS power plants have concentrated on designs for baseload operation 
but in reality they will be put under increasing pressure to operate at variable output and provide “intermittency” 
support to the grid.  
2. Options for increasing flexibility of CCS power plant. 
The simplest option is to design CCS plants so that they have adequate turndown and ramp-up and ramp-down 
capability. This is a challenge to designers but is not discussed further. Another option is to design plants so that the 
capture operation can be turned off or down during periods of peak demand. This implies that CO2 would cease to 
be captured and extra CO2 emission certificates would have to be purchased. The parasitic power used by the 
capture process would then become available for export. As mentioned in the abstract this could amount to as much 
as a 20-30% increase in available power. A final option would be to divert some of the parasitic power from carbon 
capture to power generation temporarily whilst continuing to capture. Descriptions of the implications follow.  The 
options available for the three types of capture process are summarized in table 1 below. 
 
 Table 1  Options for temporary increase of CCS plant power output 
Option Extra CO2 released CO2 still captured 
Description of Option Turn off of capture to free up 
parasitic power for export. 
Temporary reduction in 
parasitic power consumption 
Pre-combustion Only solvent regeneration 
energy and CO2 compression 
power could be saved. The 
gasification process itself is a 
major source of losses in 
preparing CO2 for capture  
Hydrogen storage can be used 
to decouple gasification and 
capture from power generation.  
Oxy-combustion Only CO2 compression power 
could be saved unless plant can 
run at full capacity on air instead 
of oxygen  
Not possible. Liquid oxygen 
can be stored but energy efficient 
use demands continued operation 
of ASU to make liquid nitrogen 
or air when LOX is retrieved 
from storage 
Post combustion Possible but LP steam turbine 
and generator would have to be 
sized to accept the extra LP steam 
which stopping solvent 
regeneration frees up. 
Possible if large quantities of 
rich and lean solvent are stored. 
LP steam turbine and generator 
would have to be sized to accept 
the extra LP steam which 
stopping solvent regeneration 
frees up. 
 
3. Temporary cessation of CO2 capture 
Post combustion capture is the most amenable to turn off of capture. Solvent circulation could simply be stopped 
and flue gas allowed to go to vent without any CO2 being captured. All of the parasitic power could be saved while 
this occurs and would consist mainly of power for solvent pumps, flue gas fans, CO2 compression and LP steam for 
solvent regeneration. In order to make use of the LP steam the LP steam turbine would either have to be oversized or 
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an additional LP turbine and generator would have to be installed. In the former case the main generators would also 
have to have the required extra capacity. 
 
For pre-combustion capture only the CO2 compression and solvent pumping and regeneration energy could be 
saved. Regeneration energy and compression energy is less in pre-combustion processes as part of the CO2 is 
recovered by flashing at pressure and the energy to release CO2 from the physical solvent is lower. 
 
For oxy-combustion processes only the CO2 clean up and compression energy could be saved unless the plant 
was equipped to run on air instead of oxygen. However this would also require putting the ASU on standby which is 
considered to be operationally undesirable particularly if the standby period is for more than an hour or two.  
4. Economics of temporary cessation of capture. 
The main determinants of the economics are the extra revenue from increased power production during peak 
periods set against the cost of purchasing extra CO2 credits (or loss of their sale). A simplified analysis of this 
balance has been made using the power prices in the UK in 2006.[3] The model assumes that capture is stopped at 
different threshold prices and calculates the extra revenue for the extra power sold. In the example in figure 1 an 
extra power output of 20% was assumed. The loss of revenue due to increased CO2 emissions is calculated for a 
range of CO2 prices. The results are expressed as a percentage of total electricity sales revenue assuming the plant 
operates at 100% capacity, i.e. as baseload. The main conclusion from this analysis is that the potential for extra 
revenue from power sales is quite small, no more than 4% in this example. The gains are offset by the increased cost 
of emissions once the price rises above about $25/ton. As at least this price is needed to justify building and 
operating CCS it seems unlikely that temporary stoppage of capture to meet peak demands would ever be 
economically viable, except perhaps in extreme circumstances such as extreme weather or failures of other 
generating plants or fuel supplies, at which times peak power prices could be much higher than in 2006.  
Figure 1 Effects on revenue of ceasing capture during peak price periods 
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5. Temporary reduction of parasitic power 
In order to reduce parasitic power without releasing more CO2 to atmosphere all three classes of capture process 
would have to use storage. In the case of pre-combustion this would have to be hydrogen storage.  In principle an 
underground hydrogen storage could be placed between the gasifier/capture and the CCGT section of the CCS plant. 
However there would be no advantage in turning off the gasifiers since steam raised from the quench boilers 
contributes substantially to the overall power output. The main merit in providing the storage would be to allow the 
gasifiers to operate at constant capacity and enable the CCGT to be sized to meet peak demands. 
 
In the case of oxy-combustion liquid oxygen (LOX) would have to be stored and then re-evaporated to enable the 
plant to operate without the ASU, thus freeing up a significant amount of power for export. However this is not 
practical since a large amount of additional energy has to be expended to produce LOX and more would be lost in 
re-evaporation if this could not be done through the ASU. The steel industry has developed ASU’s capable of 
varying output to meet the cyclic demands of steel making processes.[4] However the ASU continues to run at near 
normal capacity and is used to exchange heat between a store of liquid nitrogen and liquid oxygen thus avoiding 
significant increases in energy consumption. Such a design may be appropriate to smooth out variations in power 
demand if an oxy-combustion plant is not able to run at base-load capacity. 
 
Post combustion capture offers an interesting opportunity to temporarily suspend use of parasitic power and 
energy for capture. It is feasible, though expensive, to store the rich solvent in large atmospheric tanks. Both the 
steam used for regeneration and the power used for solvent circulation and CO2 compression could be freed up. The 
rich solvent would then have to be brought back into the plant for regeneration whilst the plant is at reduced load. 
There would be an option either to accept the reduced output during off-peak times since more steam and power 
would be consumed to “catch up” with solvent regeneration. Alternatively the plant could be designed with 
oversized regeneration and compression capacity.  It would also require additional thermal capacity to raise steam 
and generate power but would be able to provide its full nameplate capacity during off peak operation. However 
when not used in this way parts of it would be oversized.  
6. Analysis of post-combustion with solvent storage option 
An analysis of the effect on revenues for the post combustion with solvent storage option has been made using 
the half hourly electricity prices in the UK for the period 12th September 2003 to 16th January 2008. Four operational 
scenarios were investigated. The first assumes operation with solvent storage for various times during the peak 
period occurring in any one day with catch up of solvent regeneration in the off-peak time. Solvent storage times of 
from 1 hour to 8 hours were analysed. The power output is reduced in the off-peak time because of the need to 
devote part of the installed regeneration and CO2 compression capacity to processing the stored rich solvent. This is 
then stored as lean solvent ready for use during the next peak period. In the second scenario the plant is equipped to 
generate at 100% capacity in the off peak even when having to regenerate additional rich solvent from storage. The 
total thermal capacity of the plant has to be increased to do this meaning as a consequence that a greater portion of 
extra power can be generated when the regeneration is turned off. 
 In the third and fourth scenarios it is assumed that the average capacity during the off peak period is less than 
maximum and two variations on this theme were modeled. In one the capacity off peak is constant and in the other it 
is maximized during the “near” peak times to the point at which the plant is just able to catch up with regeneration in 
the lowest price periods.  The calculations were done by sorting each set of daily prices into descending order and 
presuming that the number of hours of installed storage would enable that number of highest price periods to be 
supplied at higher rate. This is accurate if there is only one main peak each day but could underestimate the 
advantage of having a given amount of storage if there were more than one main peak. An example of how the 
capacity would vary with price for one day according to scenario 4 is shown. Figure 2 shows this for a typical price 
curve which has been sorted in descending order. Figure 3 illustrates what this would mean on an hour to hour basis. 
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      Figure 2 Example of load following assumption                Figure 3 Load following example – real time 
 
Electricity price patterns 
The peakiness of daily price curves varies considerably through the year. The extreme examples for the UK of 
very high peaks and very flat price profiles from the 5 year period 2003-2008 are illustrated in Fig 4 and 5. 
Information on historic prices is available for a number of grid systems around the world. For example the 
Nordpool[5] and EEX[6] exchanges in Europe and the independent system operators ISO’s in the USA[7] and 
Canada[8]. In order to estimate the value of the scenarios above it is necessary to calculate what the revenues would 
have been on each day with or without the storage, sum the results and calculate the overall gain as a percentage. 
This then gives an indication of the amount of capital investment which might be worth making in storage capacity. 
To gain an insight into the optimum amount of storage the percentage increase in revenues with varying amounts of 
storage were displayed graphically for typical peaky and flat price days. (Fig 6 & 7). The analysis reported below 
was done on the basis of the plant having 20% additional capacity when the regeneration is turned off. 
 Figure 4 Price profile high peak price day                            Figure 5 Price profile – flat price day  
7. Results of analysis 
The curve for the 100% capacity case with no extra regeneration capacity shows the worst results, in fact only on 
days when there is a very high peak price is revenue increased. The reason is that the reduced capacity in the off 
peak period loses much more revenue than is gained during the peak. The curve for the 100% capacity base-load 
case with extra capacity installed to be able to regenerate shows steadily increasing revenue as the amount of storage 
is increased. The plant design in this case includes steadily increasing regeneration and compression capacity which 
eventually starts to show diminishing returns. The difference between peak and off peak power output increases 
steadily as the number of hours of storage increases.  
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The non-baseload cases are those where the pattern of operation is with reduced output during off-peak periods. 
This might be the case for plants which are midway in the ranking order, not so inflexible or cheap as to be able to 
operate at baseload, nor cheap and fast enough to start up and shutdown completely to satisfy peak demands. The 
returns are higher than in the first scenario as long as the plants are not required to operate at high capacity off-peak. 
This means that there is plenty of spare capacity to catch up on the regeneration and compression of captured CO2 
thus making better overall use of this capacity. The benefits increase up to the point that the time for regenerating 
stored solvent is so low that there is no capacity left and the electrical output of the plant has to be reduced to free up 
regeneration capacity. 
    Figure 6 Increase in revenues with storage time                      Figure 7 Increase in revenues with storage time 
                  High peak price day                                                                  Flat price day    
The revenue increase which could be obtained in any one day varies considerably depending greatly on the shape 
of the daily price curve. In order to estimate what the overall gain might be the gains for every 10th of the 1586 daily 
datasets were calculated for the second and fourth scenario and averaged. In the fourth scenario different 
assumptions were made as to the average off-peak loading ranging from 50% to 80% in 10% steps. (Fig 8).  The 
potential extra revenue increases with available storage until there is insufficient capacity to perform the catch up 
regeneration at which point further increases in peak output time start to drastically reduce revenue because overall 
daily output starts to fall. These points are represented by the end of the curves. In all cases there are rising gains as 
storage is increased but always diminishing returns. Cursory inspection of these curves would suggest that around 4 
hours storage would be worth considering if the costs of providing it are not out of line with the gains. 
8. Economic analysis 
A rough economic analysis has been performed by estimating the cost of storage and comparing it with the extra 
revenues based on 4 hours storage capacity. Tank costs, using API floating roof storage[9], have been estimated at 
$300/m3 assuming an installation factor of 2. MEA was assumed to cost $2000/ton. A 30% solution is assumed and 
a net solvent loading (rich minus lean loading) of 1 ton CO2 per 25 tons of solvent.[10] Cost of other components 
such as pumps and piping and additives are assumed to be covered by these all in prices. Further assumptions are:- 
 
Gross gm CO2 to be captured by solvent per kWh of electricity  900 g/kWh 
Tanks to be standard API size  H = 14.6m, D = 45m 
Number of tanks to include one spare 5 
 
The amount of solvent required is calculated as approximately 90,000tonnes stored in 5 tanks with gross capacity 
of 116,000m3 giving 23% free space. The costs are:- 
 
Solvent inventory    54.0 $million 
Tanks, pumps etc    43.0 $million 
Total    97.0 $million 
Annual capital charge*    10.75 $million 
*The annual capital charge is based on 25 year project lifetime and 10% discount rate. 
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The average cost of electricity over the 5 
year period is £37.81/MWh giving an average 
yearly revenue at base-load of £331.2 million 
for a 1000 MW capacity power plant. With 
exchange rate of 1.8$/£ that is $596 million. The 
additional capital charge of $10.75 million thus 
represents approximately 1.8% of the annual 
revenue. The revenue increases for different 
scenarios and storage times shown in figure 8 
indicate that 4% additional revenue would be 
generated by the scenario 1 plant. There is in 
principle no increase in fuel costs since the 
amount of electricity generated and sold is the 
same as in the base cases. This analysis would 
suggest that additional flexibility could be 
provided in post combustion capture plant in a 
potentially profitable way.                                          Figure 8 Revenue increases v storage hours –various scenarios 
9. Operational considerations 
Storage of large amounts of solvent will raise safety issues and will also increase the land take. MEA undergoes 
slow degradation with time. The rate of this degradation will be greater at the higher temperatures encountered in 
the regenerator. It would need to be established whether there was significant degradation under the cooler 
conditions of storage. Even small degradation rates could prove expensive because of the very large inventory. 
10. Conclusions 
The possibilities to design CO2 capture power plants to temporarily provide extra output to alleviate the supply 
variability caused by increasing amounts of certain renewable energy sources have been explored. Oxy-combustion 
plants cannot easily provide this flexibility although ASU’s could be designed to accommodate some variability in 
capacity which would help overall plant turndown. Pre-combustion plants could enhance their ability to handle 
variable demand by having some underground hydrogen storage which would also lead to smoother operation of the 
gasification, shift and capture processes. Post combustion plants could build in significant flexibility by installing 
rich solvent storage and the cost of this would appear to be less than the advantage of being able to sell more power 
at higher prices during times of peak demand. If CCS becomes a significant part of the power generation fleet 
designs will need features of this nature to enhance the stability of the grid. 
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